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ABSTRACT 

Models of disk galaxy formation commonly predict the existence of an extended reservoir of hot 
gas surrounding massive spirals at low redshift. As a test of these models, we have obtained X-ray 
and optical data of the two massive edge-on spirals NGC 5746 and NGC 5170, in order to investigate 
the amount and origin of hot gas in their disks and halos. Chandra observations of NGC 5746 reveal 
evidence for diffuse X-ray emission with a total luminosity of ~ 7 x 10'^^ erg s~^ surrounding this 
galaxy out to at least ^ 20 kpc from the disk, whereas an identical study of the less massive NGC 5170 
fails to detect any extraplanar X-ray emission. Unlike the case for other disk galaxies with detected 
X-ray halos, the halo emission around NGC 5746 is not accompanied by extraplanar Ha or radio 
emission, and there is no evidence for significant nuclear or starburst activity in the disk. In contrast 
to these other cases, the emission around NGC 5746 therefore appears to arise from the cooling of 
externally accreted material rather than from disk outflows. To verify this idea, we present results of 
cosmological simulations of galaxy formation and evolution, showing our observations to be in good 
agreement with expectations for cosmological accretion, while also confirming that the X-ray halos of 
other spirals do not fit well into an accretion scenario. We find that the estimated cooling rate of hot 
halo gas around NGC 5746 would provide sufficient material for star formation in the disk to proceed 
at its present rate. This lends support to the idea that a supply of hot ambient gas is potentially 
available as fuel for star formation in massive, nearby spirals, and suggests that accretion of hot gas 
could be important for maintaining the stellar disks of such galaxies. Finally, our results support the 
notion that hot halo gas constitutes most of the "missing" galactic baryons. 

Subject headings: galaxies: formation — galaxies: haloes — galaxies: individual (NGC 5170, NGC 
5746) — galaxies: ISM — galaxies: spiral — X-rays: galaxies 



1. INTRODUCTION 

Estimates of the cosmic baryon fraction, defined as the 
ratio of baryonic to total mass in the Universe, can be 
combined with constraints on the integrated mass func- 
tion of galaxies to infer that most baryons in the Uni- 
verse are in a hot, diffuse form at the present epoch 
(jBalogh et alJl200H) . Cosmological simulations suggest 
that 30-40 per cent of all baryons in the Universe re- 
side in intergalactic filaments of shock-heated gas with 
temperatures 10^ ^ T < 10^ K, t he so-called warm/hot 
intergalactic medium, WHIM fe.g. lCen OstrikerlllQQfll: 
|Davc et al. 2001) . X-ray absorption studies have pro- 
vided observational evidence for such a component 
along the line of sight towards a number of quasars 



fe^Trinn et a,lJl20flfl iNk^stro et a,].l200,5tlSava,ge et a,].l 
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While most of the WHIM baryons are predicted to 
reside in structures of low overdensity, outside the dark 
matter halos of individual galaxies and groups of galaxies 
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ijDave et al.ll2001(l . a potential repository for some of the 
"hidden" baryons in the Universe could be extended ha- 
los of hot 10^ — 10 ^ K ) gas around individual galaxies, 
including spirals fe.g. lFukugita fc Pee bles 2006). Cosmo- 
logical simulations suggest that the total mass of these 
"external" galactic baryons is comparable to that of stars 
and c old gas in the galaxies themselves ( Sommer- LarsenI 
l2006j) . In a cosmological context, observational support 
for such a scenario comes from the angular correlations 
between the galaxy distribution and the soft X-ray back- 
ground, which indicate the presence of soft X-ra y emis- 
sion f rom WHIM surrounding individual galaxies ijSoltanI 
I200I . 

The presence of extended hot gaseous halos around 
optically bright elliptical gala xies is well esta blished 
from X-ray observations (e.g. lO' Sullivan et alJ I2OOI.) . 
The idea that also disk galaxies like the Milky Way 
could be embedded in s uch halos dates back to the 
pioneering work of iSpitzeH l)1956j) and is now inte- 
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,2003). In these models, galaxy dark matter halos are 
assumed to grow as predicted by spherical infall mod- 
els, with gas accreting continuously along with the dark 
matter. During infall into the dark matter potential, 
the gas is heated, potentially to the halo virial tem- 
perature, subsequently cooling radiatively. If cooling is 
rapid, as is the case for characteristic gas temperatures 
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T < 10^ K and hence relatively shallow potential wells, 
no accretion shock develops outside the evolving galactic 
disk. In these models, present-day spirals of total mass 
M < 10^^ Mq accrete gas which is predominantly in a 
cold, non-X-ray emitting phase at temperatures much 
lower than the virial ter npera ture of their halo (Binnev] 
19771 iBirnboi m fc Deke]|l2005l lBinnevll200l iKeres et all 
2005j) . This 'cold accretion' mode would be particularly 



pronounced at high redshift, and would imply that most 
of the halo radiation is emitted as Lya emission close to 
the disk. Indeed, observational support for this scenario 
is now appearing at both low and high redshift (see , e.g., 
van der Hiilst fc Sancisi20T)SlFraternali fc Binne-y 



Nilsson et al.ll2006l and references therein). 



At higher galaxy masses and gas temperatures, the gas 
would emit at X-ray wavelengths but would cool less ef- 
ficiently, and is then assumed in the models to flow in 
more slowly than in the fast-cooling regime. A hot X- 
ray emitting halo can develop, in which the infalling gas 
is eventually deposited where stopped by angular mo- 
mentum (typically at a central distance of a few kpc). 
As in the 'cold accretion' mode, the gas may eventually 
condense to form stars in a rotationally supported disk. 
The accreting gas is not assumed to comprise an infi- 
nite, static reservoir, however; the quasi-static region is 
assumed in the models to be terminated by the accretion 
shock in the slow-cooling regime or at the galaxy itself 
in the fast-cooling regime. 

This general picture has in recent years been backed 
by some hydrodynamical simulations of galaxy formation 
(froft ct al. 2002; Kcrcs ct al. 2005), lending support to 
the general validity of the simplifying assumptions under- 
lying semi-analytical models. For example , the c osmolog- 
ical simulations presented bv iToft et al.1 1)20021) showed 
the X-ray luminosity Lx of hot halo gas to scale strongly 
with disk circular velocity Vc (defined here as the ro- 
tation velocity at 2.2 tirnes th e disk scale-length; see 
iSommer-Larsen fc Dolgovll2001l for details), with Lx oc 
v^~'^ , as also expected from semi-analytical models of 
galaxy formation. This clearly suggests that X-ray ob- 
servations could provide a useful route to mapping out 
any material accreting onto massive spirals at the present 
epoch. 

Extended X-ray halos have indeed been de- 
tected around numerous star-forming spirals (see 
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moderately high star formation rates (> 1 yr~^), 
and in every single case so far, the detected halo X-ray 
emission coincides with extraplanar Ha and radio 
continuum emission and can be associat ed with stella r 
feedback activity in the disk (^Tiillmann et alJ l2006af) . 
Indeed, in many of these cases there is unambiguous 
kinematic evi dence for ou tflows perpendicular to the 
disk iTStricklan d et aljl2004|) . Unlike the expectation for 
gravitationally heated gas, the X-ray luminosity of the 
gas in the halos of these galaxies is found to correlate 
with various measures of the disk star formation rate 
and with the energy input rate by supernovae (SN), but 
not with baryonic or Hi mass in the disk. These works 
suggest the existence of a limiting star formation rate 
of w 1 M0 yr~^, below which such multi-phase g aseous 
halos are not generated l|Tiillmann et aljT2006bD . The 



halos observed so far therefore seem to result as a 
consequence of stellar feedback in the disk rather than 
infalling intergalactic material. 

While recent results indicate that ongoing cosmolog- 
ical accretion of gas is generally necessary to explain 
certain propert ies of spiral disks such as lopsidedness 
and warps (e.g. iBournaud et al.ll2005l: iShen fc SellwoodI 
20061) and the pres ence of bars l|Block et alJ 12003 
Bournaiid fc CombesI 12002), the gas accretion his- 
tory of spirals in general remains a poorly under- 
stood topic from an observational viewpoint. There 
is one case, however, the Milky Way itself, for 
which indirect arguments can be used to both as- 
certain th e presence of a very extended hot g, aseous 
halo (e.g. iM oore fc DavT^ITOM iQuilis fc Moori I2001I 
iSembach et al. 2QQJ) and cons t rain the infall rate of ex- 
ternally accreted gas ( Rocha-Pinto fc MacielllTO QG: Pagell 
asuso fc Beckmann2004n') . Observations of the X- 
ray background also supports the idea that a reservoir of 
hot virial-t emperature gas surrounds the Milky Wa y (e.g. 
Wolfire et al. 1995; Pietz et al. 1998; Kuntz fc Sn owdeiJ 
20001) . Despite this, it is neither clear whether any of the 
gas in this putative hot halo is actually cooling out to 
accrete onto the Milky Way disk, nor to what extent any 
infall of this gas balances that currently being removed 
from the disk by star formation, although some of the 
high- velocity Hi clouds surrounding the Milky Way may 
represent condensed, accreting material. 

Hence, with the possible exception of the Milky Way, 
extended, gaseous halos that can be unambiguously as- 
sociated with cosmological accretion of gas onto spirals 
have yet to be detected (but see below). In a first study 
dedicated to dir ectly detecting these halos through their 
X-ray emission, iBenson et a'Lr(|2000|) compared ROSAT 
observations of three massive, highly inclined spirals to 
predictions of simple cooling flow models. The failure of 
these authors to detect any hot gas around the galaxies 
translated into upper limits on the halo X-ray luminos- 
ity which, for their best-constrained case of NGC 2841, 
was found to be a factor of 30 below their model predic- 
tion. While their models were deliberately simplified ver- 
sions of general semi-analytical ones, the result persists 
that both some simple analytical models and hydrody- 
namical simulations overpredict actual hal o luminosities 
(jGovernato et alJ2004t IBenson et al.l2000l and references 
therein), though the exact magnitude of this discrepancy 
has yet to be established. 

More sensitive X-ray observations of carefully selected 
systems are required to settle the question of whether 
hot gas halos exist around quiescent spirals at all. This 
would be an important consistency check on the assump- 
tions underlying existing disk galaxy formation models, 
and has become feasible with the current generation of 
X-ray telescopes, which boasts substantial improvements 
in sensitivity and spatial resolution compared to ROSAT. 
Motivated by this, we initiated a Chandra search for 
hot X-ray gas surrounding massive, quiescent disk galax- 
ies. As part of this program, the discovery of hot halo 
gas around NGC 5746, with a tot al X-ray luminosity of 
~ 5 X 10^^ erg s~^, was reported bv lPedersen et al.l l)2006l 
hereafter Paper I). In the present paper, we elaborate 
on the presentation in Paper I, and describe our cor- 
responding Chandra results for the less massive galaxy 
NGC 5170. The motivation underlying our target se- 
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lection is described in detail, as is the reduction and 
analysis of X-ray and Ha data of both galaxies. The 
derived constraints on hot halo properties are also dis- 
cussed in comparison to the X-ray halos seen around 
other galaxies, both late- and early-type. A comprehen- 
sive discussion of the origin and dynamical state of halo 
gas around NGC 5746 is then given. In order to facili- 
tate a discussion within the framework of current theories 
of disk galaxy formation, we furthermore describe and 
present results from cosmological simulations of galaxy 
formation, comparing their predictions to the results for 
NGC 5746, NGC 5170, and other massive spirals. On 
this background, we discuss the implications for the gas 
accretion history of massive spirals and for models of disk 
galaxy formation and evolution. 

This paper is structured as follows. In §|21we outline 
our target selection, and in §|21we detail the reduction 
and analysis of X-ray and optical data. Results for both 
galaxies are presented in § 0] and compared to those of 
other galaxies in § The origin of hot halo gas around 
NGC 5746 is investigated in § El and comparisons are 
made to predictions of cosmological simulations in § [7| 
Our findings and conclusions are summarized in § |H1 A 
Hubble constant of Hq = 75 km s^^ Mpc~^ is assumed 
throughout. The distances to NGC 5746 and NGC 5170 
are then 29.4 and 24.0 Mpc, respectively (^uUy 198^, 
with 1 arcmin corresponding to ~ 8.6 and ~ 7.0 kpc. 
Unless otherwise stated, all errors are reported at the 
68 per cent confidence level. 

2. TARGET SELECTION 

The primary objective of this study is to map and char- 
acterize any diffuse X-ray gas surrounding isolated, qui- 
escent disk galaxies. O ur starting point was therefore 
the simulation results of lToft et alJ 1)20021) . in particular 
the result that halo X-ray luminosity Lx should scale 
strongly with disk circular velocity Vc- Hence, our target 
sample was drawn by searching the NED and Hyper- 
leda databases for spiral galaxies with circul ar velocity 
> 280 km s~^. According to the results of'To ft et al.l 
|2002), this would ensure that the target galaxies are 
massive enough to retain an X-ray halo detectable at the 
present day. The expected extraplanar X-ray luminosi- 
ties of such galaxies would translate into a few hundred 
ACIS-I counts for galaxies within distances of a few tens 
of Mpc and for typical Chandra exposures of a few tens 
of ks. We consider this a reasonable lower limit for the 
detection of large-scale diffuse emission around nearby 
galaxies with Chandra. A further advantage of large Vc 
lies in the fact that the efficiency with which SN outflows 
can escape the disk and complicate the interpretation of 
our results is expected to decline with increasing disk 
mass. 

In addition, we required our targets to meet the fol- 
lowing criteria: i) inclination i > 80°, enabling a clear 
view of any hot gas above the disk plane; ii) distance 
D < 40 Mpc, for sufficient angular extent on the sky to 
enable a discrimination between disk and halo gas, and to 
obtain a sufficiently strong X-ray signal; iii) Galactic lat- 
itude |6| > 30°, to have a low column density of absorb- 
ing foreground Galactic hydrogen, given that any halo 
emission is expected to be fairly soft and thus subject to 
significant absorption by intervening material (this crite- 
rion excluded a galaxy like NGC 2613, recently studied 



bv lLi et al]l2006f) : iv) the galaxies should be isolated (i.e. 
not be a member of a pair or a group/cluster) and show 
no significant signs of interaction, so as to include only 
undisturbed galaxies and avoid contamination from hot 
gas residing in an ambient intragroup/-cluster medium; 
v) in order to minimize contamination from outflows of 
hot gas, the galaxies should be quiescent, i.e. not show 
evidence for significant starburst activity or activity re- 
lated to an active galactic nucleus ( AGN) . This excluded 
galaxies such as NGC 891, which displays extraplanar 
X-ray, Ha, and radi o emission associate d with stellar 
feedback activity (see iTemple et al.ll2(ffl5l and references 
therein). 

Imposing these strict criteria, only two galaxies re- 
mained, NGC 5746 and NGC 5170. We stress that, 
within our search criteria, our sample is only as com- 
plete as the galaxy catalogues included within NED 
and Hyperleda. We also note that our selection was 
not restricted to particular Hubble types, but given the 
Vc > 280 km s~^ criterion, the selection method is likely 
to bias against late-type spirals. Since such galaxies are 
likely to display higher star formation activity at present 
than early-type ones, this criterion is in turn likely to 
favor relatively quiescent spirals, as desired. Of our two 
galaxies, NGC 5746 is the most massive one, being an 
SBb spiral with a circular velocity Vc = 318 ± 10 km s~^ 
(HyperLeda database). For our other target, the Sc spi- 
ral NGC 5170, updated values of Vc became available 
after we initiated this study, with Vc now estimated at 
the significantly lower value of Vc = 247 ± 3 km (e.g. 
iKreael et al. 2004) rather than the value of Vc = 296 
km s~^ ifTuUv 1988) assumed when selecting our targets. 
We adopt here this new value. Assuming Lx oc Vc~'^ , this 
would imply a decrease in its predicted hot halo luminos- 
ity by a factor of 3-4 relative to our initial expectations. 
As we will see, this suggests that we should not expect 
the halo of this galaxy to be detectable in our Chandra 
data, a suggestion confirmed by our analysis. We can 
therefore effectively use the data of this galaxy as a con- 
sistency check of our analysis procedure for NGC 5746. 

In terms of their star formation rate (SFR), both galax- 
ies are fairly quiescent, as already evidenced by the fact 
that none of them is included in the revi sed catalog of 
bright galaxies ()Sanders et al.ll20?)3^ . despite their 

close proximity and large mass. Their 8-120 /im lumi- 
nosities, based on IR AS fluxes fr om Moshir et al. (199C|) 
for NGC 5746 and IRice et ^ ll 988.'! for NGC 5170, 
translate into global SFRs of 0.8 ± 0.2 (NGC 5746) and 
0.3 ± 0.1 M^ yr-^ (NGC 51 70), using the rel ations of 
iSanders fc Mirabel |l99^ and'K ennicutH l|l99M) . This is 
equivalent to specific SFRs of 2.8±0.7x lO"'' (NGC 5746) 
and 1.3±0.4x 10-"* Mq yr'^ kpc'^ (NGC 5170), assum- 
ing a circular disk of radius equal to the semi-major axis 
of D25, the ellipse outlining a S-band isophotal level 
of 25 mag arcsec"^. This could be compared to the 
value of ~ 2 Mq yr~\ i.e. ~ 3 x 10"^ Mq yr'^ kpc'^, 
for the mo derately quiescent Milky- Way disk (see e.g. 
iCasuso fc Beckman 2004,). From their IRAS 60 and 
100 ^m fluxes 5*60 and 5*100, both galaxies furthermore 
display low far- infrared 'temperatures' of Sqo/Sioo — 
0.13 ± 0.02 (NGC 5746) and 0.28 ± 0.05 (NGC 5170), 
and 'mass-normalized' star formation rates Lfir/^b of 
0.048 ± 0.012 and 0.037 ± 0.012. These values are 
also indicative of low star formation activity (see e.g. 
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iRead fc PoninaiJl200H) . Salient features of the observed 
galaxies are listed in Tabled 

3. OBSERVATIONS AND ANALYSIS 
3.1. Data Preparation 

Both disk galaxies were observed by Chandra (obs. ID 
3928 and 3929) with the ACIS-I array as aimpoint and 
with the CCD's at a temperature of —120° C. Data were 
telemetered in Very Faint mode which allows for supe- 
rior background suppression relative to standard Faint 
mode. To exploit this, the data were reprocessed and 
background screened using CIAO v3.3. Bad pixels were 
screened out using the bad pixel map provided by the 
reduction pipeline, and remaining events were grade fil- 
tered, excluding ASCA grades 1, 5, and 7. Periods of 
high background on the ACIS-I chips were filtered using 
3a clipping of the 0.3-12 keV lightcurves extracted in off- 
source regions in 200 s bins. Resulting lightcurves showed 
no flaring periods, leaving a total of 36.8 ks (NGC 5746) 
and 33.0 ks (NGC 5170) of cleaned exposure time. Blank- 
sky background data from the calibration database were 
screened and filtered as for source data, and reprojected 
to match the aspect solution of the latter. They were 
subsequently scaled to match our source data according 
to the 10-12 keV count rates (these deviated by an ac- 
ceptable 5-6 per cent from the exposure ratio between 
source and background data). 

An important issue for obtaining robust background 
estimates and singling out any halo X-ray emission is the 
ability to efficiently identify and remove point sources. 
This was a key limiting factor in the similar ROSAT 
study by Benson ct al. (2000). The much narrower point 
spread function of Chandra allows us to easily excise 
point source regions without losing much detector area, 
thus preserving most of the available source and back- 
ground counts. We identified point sources on the ACIS- 
I array using the wavelet-based CiAO tool wavdetect, 
adopting a threshold significance of 1.8 x 10~^ for each 
CCD, which should limit the number of spurious detec- 
tions to - 1 per CCD. A total of 126 (NGC 5746) and 101 
(NGC 5170) point sources were detected, in good agree- 
ment with the statistical expectation of ~ 25 background 
sourc es per CCD for a 35 ks pointing fcf. iSummers et all 
|2003|) . Inside 1^25, we detect 20 and 17 sources, respec- 
tively. All point sources were masked out in the analysis 
of diffuse emission, using their 4cr detection ellipses from 
wavdetect. 

3.2. X-ray and Ha Imaging 

To aid the search for any diffuse X-ray emission in 
and around the galactic disks, adaptively smoothed, 
background-subtracted, and exposure-corrected Chandra 
images of the central region around each galaxy were 
produced using a method similar to the one described 
by Rasmussen ct al. (2006). Source ima ges were first 
smoo thed using the ASMOOTH algorithm ijEbeling et al.l 
I2006|) (based on the CSMOOTH procedure in CiAO), which 
employs a kernel size that adapts itself to achieve a cer- 
tain signal-to-noise (S/N) level under the kernel. We 
adopted a significance interval of 3-5cr, so that the lo- 
cal smoothing scale is increased until an S/N ratio of 3 
is reached under the kernel, while features significant at 
more then 5a are left unsmoothed. Background maps 



were generated from blank-sky data and scaled to match 
the source count rates in source-free regions on the rel- 
evant chip. Using the map of adopted smoothing scales 
returned by the smoothing algorithm, the background 
images were then smoothed to the same spatial scales as 
the source data and subtracted from the latter. The re- 
sulting images were finally exposure-corrected using simi- 
larly smoothed, spectrally weighted exposure maps, with 
weights derived from spectral fits to the integrated diffuse 
emission. We stress that the resulting images served il- 
lustration purposes only and were not used for any quan- 
titative analyses. 

In addition to the X-ray data, we also obtained Ha im- 
ages of both galaxies with the Danish 1.54-m telescope 
at La SiUa, Chile, for total exposures of 120 (NGC 5746) 
and 160 min (NGC 5170). In both cases, 20 min R- 
band images were also taken for subsequent continuum- 
subtraction. The frames were bias-subtracted, flat- 
ficldcd, and median-combined using standard iraf pro- 
cedures. Using the _R-band image of each galaxy, we 
estimated and subtracted the continuum emission con- 
tribution to the Ha image as follows. The two combined 
images were normalized to the same exposure time, and 
the i?-band image was smoothed with a Gaussian ker- 
nel to match the broader point spread function of the 
Ha image. The smoothed i?-band image was then scaled 
to match the narrower width of the Ha filter and sub- 
tracted from the Ha image. For NGC 5746, the back- 
ground in the resulting continuum-subtracted Ha image 
had a large-scale gradient caused by stray light from a 
star just outside the field of vie w. We mod eled this us- 
ing the SEXTRACTOR software l|Bertin fc Arno uts 199^ 
with options set to save a full resolution interpolated 
background map. Parameters were optimized to gener- 
ate a map sufficiently fine to represent large scale vari- 
ations, and sufficiently coarse so as not to include local 
non-background structures (such as an Ha halo around 
the galaxy). The resulting background map was then 
subtracted from the Ha image. 

3.3. X-ray Spectroscopy and Background Estimation 

Given that any hot gaseous halo could cover a large 
fraction of the Chandra field-of-view in both cases, us- 
ing our Chandra data for background estimation ('lo- 
cal' background subtraction) may not produce reliable 
results. Instead, the appropriate blank-sky background 
data from the calibration database were employed for 
background estimates, thus also taking advantage of the 
superior statistics of these background data. However, 
due to spatial variations in the soft X-ray background, 
the nominal ROSAT All-Sky Survey 0.5-0.9 keV fluxes 
at our two pointings are a factor ~ 1.5 (NGC 5746) and 
~ 1.3 (NGC 5170) higher than the exposure-weighted 
mean value of the resulting blank-sky data. In order to 
account for this excess emission in spectral analysis, we 
adopted t he commonly used 'double-subtraction' tech- 
nique fe.g. lArnaud et al.^ 2002'). We first extracted source 
spectra from which blank-sky data of the same detector 
region were then subtracted. The result includes any 
local soft X-ray background excess at our source point- 
ings relative to the blank-sky data. We then also ex- 
tracted spectra in off-source regions (7'-8' annuli) from 
our data and subtracted the associated blank-sky spec- 
tra, the result reflecting the spectrum of this soft back- 
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TABLE 1 

Salient features of the observed disk galaxies 



Name 


D 


RA Dec 


Hubble 




Vc 


AfH 




(Mpc) 


(J2000) (J2000) 


Type 


(arcmin) 


(km s"-*-) 


(cm~^) 


NGC 5746 


29.4 


14''44'"56!00 +01°57'17"1 


SBb 


-21.79 (6.92, 1.20) 84° 


318 ± 10 


3.3 X 10^" 


NGC 5170 


24.0 


13h29'"48?83 -17°57'59^'4 


Sc 


-21.18 (8.32, 1.20) 90° 


247 ±3 


7.3 X 10^0 



Note. — Distances taken from TuUy 1 1988) (assuming Hq = 75 km s"-"^ Mpc"-"^) and positions from the NASA/IPAC Extragalactic 
Database (NED). Absolute B magnitude, D25 (major and minor diameter), inclination i, and disk circular velocity Vc were taken from the 
Hyperleda database. Absorbing column density A^h is the Galactic value from .Stark et al.i 1199^*) . 



ground excess at our source pointings. These residual 
spectra were finally also subtracted from the blank-sky 
subtracted source-region spectra. Spectrally weighted re- 
sponse files were generated for the appropriate detector 
regions using CIAO. 

An implication of the results described in the following 
section is that there could be residual source flux at the 
20 per cent level in the 7'-8' annulus used for estimat- 
ing the local background excess relative to the blank-sky 
data in the spectral analysis of NGC 5746. Since this 
local excess constitutes roughly half of the estimated to- 
tal 0.3-2 keV background for NGC 5746, we could be 
underestimating the flux of the background-subtracted 
source spectrum by about 10 per cent in this band. How- 
ever, vignetting differences between the source region and 
this annulus almost exactly compensates for this effect 
in terms of the total 0.3-2 keV flux, yielding a soft-band 
source flux which should be accurate to within 5 per cent 
in the spectral analysis. This is comparable to the sta- 
tistical uncertainty on this quantity. Thus, though the 
distortions introduced to the total background spectrum 
by these competing effects should be small compared to 
the statistical uncertainty in each spectral bin, we have 
added a 20 per cent systematic error in quadrature to the 
statistical errors on all parameters obtained from spec- 
tral fltting of the NGC 5746 data. 

For the spectral model fltting, a standard approach 
is to accumulate the spectra in bins of at least 
20 net counts, and perform the fits assuming statis- 
tics. However, since the diffuse emission in either galaxy 
is rather faint, we opted for a different approach in an at- 
tempt to maximally exploit the limited spectral informa- 
tion available. Instead, spectra were accumulated in bins 
of at least 5 net counts and fitted using Cash statistics. 
Since the Cash statistic does not provide a straightfor- 
ward measure of the goodness of fit, we tested the qual- 
ity of each fit by evaluating the corresponding reduced 
statistic for the data binned into 20 cts bin~^. This 
allowed us to readily reject models that were not statis- 
tically acceptable. As a second test, we confirmed that 
all fit results obtained in this way were consistent with 
those of the "standard" method. All fits were performed 
in the 0.3-5 keV band usin g xspec vll.3, as suming the 
Solar abundance table of .Anders fc Grevessel ((198fl,) . 

4. RESULTS 

4.1. X-ray and Ha Images 

Unprocessed Chandra images of each galaxy do not 
show any clear evidence for diffuse emission outside the 
disk regions. Adaptively smoothed 0.3-2 keV images, 
generated as described in § [2 are shown in Figure ^ 



along with the optical extent (-D25) of the galaxies (note 
that a different version of the NGC 5746 image was 
shown in Paper I, in which each point source region prior 
to smoothing had been refilled by a Poisson distribution 
interpolated from a surrounding region using the CiAO 
task dmf ilth). Although the resulting images should be 
interpreted cautiously, particularly given the fairly low 
X-ray surface brightness outside the disk of both galax- 
ies, the smoothed images do display evidence for diffuse 
emission in the disks of both galaxies, with an indica- 
tion that for NGC 5746 this emission extends well be- 
yond the disk midplane. This is perhaps more easily 
seen in the center panel of Figure ^ which shows our 
reduced Ha images of the two galaxies with the X-ray 
contours overlayed. Finally, in order to further enable a 
comparison to the radio continuum morphologies of the 
galaxies, the right panel shows again the Ha data, this 
time with NRAO VLA Sk y Survey 1.4 GHz data over- 
layed ijCondon et alJlT998^ . This panel also displays the 
extraction regions discussed in the text below. 

As can be seen, there is no significant evidence for 
diffuse Ha or radio continuum emission extending well 
outside the optical disk of either galaxy. The two ra- 
dio sources seen outside the optical disk of NGC 5746 
are most probably background sources. They are not 
detected in our X-ray data despite the proximity of the 
galaxy, nor at near-infrared (2MASS) or optical wave- 
lengths, and their 1.4 GHz fiuxes of 38.9 and 27.1 mJy 
are not included in t he value listed for the NGC 5746 
disk bv lCondon eTall (p98). Moreover, radio sources in 
star-forming galaxies are known to form a tight radio- 
far-infrared correlation, with a ratio of 60 /im to 1.4 GHz 
flux of log {SmlS^ .4 an,) w 2.15 ijCondon fc Broderickl 
ll986tlCondon et anil99lD . Assuming the two sources to 
be associated with NGC 5746, this relation would suggest 
their combined 60 /im output to exceed that of the entire 
galaxy (1.3 ± 0.1 Jy; Moshir et al. 1990) by a factor of 
~ 7. This makes us conclude that these two sources are 
most likely associated with radio-loud background AGN. 

A potential caveat associated with the interpretation 
of Fig. n is that the extraplanar emission apparent in 
this Figure could represent disk emission which has been 
smoothed beyond the disk by our adopted smoothing al- 
gorithm. Hence, in order to perform a more quantita- 
tive search for diffuse X-ray emission in and around the 
galaxies, and confirm the overall impression conveyed by 
Fig.^ we generated 0.3-2 keV surface brightness profiles 
of the unsmoothed, exposure-corrected emission. The 
profiles were extracted perpendicular to the disks, within 
the rectangular regions labelled 'A' in Fig. ^ and with 
point sources masked out. Results are shown in FigureEl 
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Fig. 1. — Left: Adaptively smoothed 0.3-2.0 keV Chandra images of the central 13 X 13 arcmin region around each galaxy. The images 
have been background-subtracted and exposure-corrected. Center: Ha images with X-ray contours from the left figure overlayed. Contours 
are logarithmically spaced over a decade, beginning at 6.5 X 10~* photons cm~^ arcmin"^ for both galaxies. Right: Ha images with 
NVSS 1.4 GHz contours, beginning at 1 mjy beam~^ and spaced by a factor of \/2. Also shown are the regions used for extraction of 
X-ray surface brightness profiles {'A') and spectra (remaining regions). The innermost elliptical region shown in all figures outlines the 
D25 ellipse. 



For NGC 5746, the individual surface brightness profiles 
on either side of the disk are seen to be mutually consis- 
tent within the errors. The figure also shows the profiles 
of both galaxies with the signal on both sides of the disk 
of each galaxy co-added to improve statistics. The cor- 
responding profiles extracted from the exposure-correced 
blank-sky background data within identical apertures are 
shown as dotted error bars. These provide in indication 
of the importance of CCD background variations and 
remaining instrumental signatures within the regions ex- 
amined, allowing a test of whether the observed profiles 
can be explained by such effects. 

Even if assuming no a priori knowledge of the back- 
ground level in our two Chandra observations. Fig. El 
gives a clear indication of the presence of net excess emis- 
sion outside the optical extent of NGC 5746. The re- 
sult shown in Fig. El strongly suggests that the extended 
extraplanar emission evident in Fig. ^ is not an arte- 
fact of the smoothing procedure adopted when generat- 
ing the X-ray image; excess emission is extending out to 
at least ~ 20 kpc on either side of the disk, with sur- 
face brightness decreasing with vertical distance to the 
disk. The profile bears no resemblance to that of the 
background data, confirming that the observed signal is 
real and not caused by instrumental artefacts or details 
of our analysis. For NGC 5f 70, on the other hand, the 
emission outside D25 is everywhere consistent with a con- 



stant level equal to the estimated mean background level, 
and its distribution seems to follow that of the blank-sky 
background. This result, obtained in an identical way 
to that of NGC 5746, again confirms that the emission 
seen around NGC 5746 is not a product of our analysis 
method, thus supporting also the results indicated by the 
multi-wavelength comparison in Fig. ^ The presence of 
excess emission around NGC 5746 and the lack of any 
around NGC 5170 is further corroborated by the results 
of spectral analyses, as described below. 

We characterized the co-added surface brightness pro- 
file of NGC 5746 using a model comprising a power-law 
plus a spatially constant background, S = So\z\~^ + Bq. 
We find So = 0.2fl^;^^ x IQ-e cts s'^ arcsec'^, F = 
0.68lJ^;35, and Bq = 0.15t^;^4 cts s"! arcsec'^ with a 
reduced xl = 0.67 for 3 degrees of freedom v. The uncer- 
tainties on F are large, but we note that the best-fitting 
background level resulting from this approach is entirely 
consistent with the value Bq « 0.f68 x fO^^ cts s~^ 
arcsec"^ determined independently from our spectral 
'double-subtraction' background analysis, shown as a 
dotted line in Fig. (21 If fixing Bq at this value in the fit 
to the profile, F becomes significantly better constrained 
to F = 1.0 ± O.f, with 5*0 = 0.25+5];[J^ x fO"*^ cts s-^ 
arcsec"'^. This fit result is shown as a dashed curve in 
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Fig. 2. — Surface brightness profiles of diffuse X-ray emission. The extent of 1)25 (minor axis) is marked by vertical dashed lines. Dotted 
data points show the level of the blank-sky background data prior to correction for excess sof^t X-ray background emission at our source 
pointings, while dotted horiz onta l lines represent the total mean background level estimated from 'double-subtraction' background spectra 
of the relevant regions, see § 13.31 For the NGC 5746 co-added profile, the dashed curve represents the best-fitting power-law model. 



4.2. X-ray Spectra 

For the extraction of spectra of the halo regions, the 
choice of aperture inner limit was a compromise between 
sampling regions close to the disk, where halo emis- 
sion is expected to be strongly concentrated ijToft et al.1 
l2002j) . and a need to remain insensitive to the presence 
of any outflowing gas from the disk resulting from, for 
example, star formation activity. However, given the 
low specific star formation rates of the disks (of order 
10^** Mq yr~^ kpc^^, cf. § one could a priori ex- 
pect very little outflowing hot gas resulting from such 
activity. The investigation presented in § |H1 below indi- 
cates that this assertion is justified. For both galaxies, 
many of the results presented below therefore apply to 
the region immediately outside I?25- Spectra obtained 
at larger distances from the disk produce consistent re- 
sults but naturally return larger uncertainties on fitted 
parameters. For NGC 5746, the aperture outer limit was 
chosen with the guidance of Fig.|21 and with the general 
aim of maximizing the S/N ratio. For NGC 5170, with 
its smaller Vc and hence presumably lower halo Lx, we 
simply used regions whose physical extent are slightly 
smaller than those of NGC 5746. 

Selected results for the different source regions la- 
belled 'B'-'E' in Fig. [l] are presented in Table El For 
NGC 5746, the background-subtracted spectrum under- 
lying the bold-faced halo result listed in the Table is 
shown in Figure IHt- Excess 0.3-2 keV emission outside 
D25 is detected at 5cr. Its properties are well described 
by an optically thin thermal plasma (mekal model in 
XSPEC), with T = 0.56to;ig keV. From the fractional 
1(7 errors on the normalization of this best-fitting spec- 
tral model, we derive a total unabsorbed 0.3-2 keV halo 
luminosity of NGC 5746 of 7.3 ± 3.9 x 10^^ erg s"!. The 
derived halo metallicity is low, Z — 0.041q q2, but since 
statistics are too poor to constrain any temperature vari- 
ations within the halo, we cannot exclude the possibil- 
ity that the derived metallicity could be biased down- 
wards due to the well-known Fe bias (arising when fitting 
a multi-te mperature pl asma with a single-temperature 
model; see lBuot'3 120001) . For the derived temperature, 
the halo luminosity remains within the quoted errors for 
all subsolar metallicities, however. We note that excess 



emission at > 4(t significance is found well outside the 
disk in our spectral analysis (e.g., region _B \ C in Ta- 
ble EJ- This confirms, independently of the extracted 
surface brightness profile, that the extraplanar emission 
seen in Fig.^does not represent smoothed disk emission. 
For comparison. Figure 12^ also shows a background- 
subtracted spectrum of the NGC 5746 disk emission. 
This is somewhat different from the halo spectrum, show- 
ing a tail at higher energies, possibly due to the presence 
of unresolved point sources in the disk. 

For NGC 5170, no net emission is detected outside 
D25, where the derived emission level remains consistent 
(at la) with that of the background, as can be seen in 
Fig. UJ:. An assumption about the halo temperature of 
this galaxy must therefore be made in order to constrain 
its Lx- To this end, we note that simulations predict 
a remarkably tight correlation betwee n the temperatur e 
of infalling hot gas and Vc of the disk fToft e t alll2002|) , 
with NGC 5746 falling onto this trend (see §|2j). Hence, if 
assuming T w 0.2 keV for the hot halo of NGC 5170, as 
suggested by its d isk circular velocity of Vc ~ 250 km s~^ 
ijToft et alJ l2002t) or by a simple expectation for the 
virial temperature Tvir ~ {l/2)^mpv'^ of the underly- 
ing dark matter halo, we obtain an upper limit to its 
0.3-2 keV luminosity of Lx < 1.2 x lO^^ erg s'^ for 
any subsolar metallicity. This upper limit is relaxed to 
~ 1.7 X 10^^ erg s~^ if instead assuming, for example, 
T « 0.15 keV, as would be appropriate for the signifi- 
cantly less massive Milky Way. 

The disk emission of NGC 5746 cannot be described 
by a thermal component alone {x1 = 4.38 for 8 d.o.f.) 
but is well described by a thermal plasma of temper- 
ature T « 0.3 keV plus a power-law component, a 
result very similar to those obtained for the disks of 
other spira ls, both quiescent galaxies and starbursts (e.g. 
iR.ead et"aLi 1997: Rasmusscn et_al. 2004b and references 
therein). The thermal emission is most likely a signa- 
ture of hot gas, shock heated by supernova explosions, 
whereas the power-law component may represent the in- 
tegrated emission from a population of unresolved point 
sources, presumably mainly X-ray binaries and super- 
nova remnants. Corrected for Galactic absorption and 
assuming Z — Zq, the total 0.3-2 keV luminosity of the 
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TABLE 2 

Results of spectral fitting to the diffuse X-ray emission 
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Note. — Source regions are depicted in Fig. 0('B\D' means 'B excluding D'). Spectral model components are absorbed power-laws (intensity 
oc E~^) and thermal plasmas {^^mekaV^). The Galactic value of A^h (Tabled is assumed for the absorbing component, with Z — 0.1 Zq and 
Z = 1.0 Zq for the halo and disk metallicities, respectively, where not specified otherwise. All temperatures are in keV. A '?' means that the 
uncertainty is unconstrained. Last column gives the goodness of fit for the number of degrees of freedom i/. Fit results for which xt ^ ^ are not 
presented. 
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Fig. 3. — (a) Background-subtracted spectrum of NGC 5746 diffuse halo emission (region B\E of Table 1^ along with the best-fitting 
thermal plasma model. Bottom panel shows fit residuals, (b) Corresponding plot for the NGC 5746 diffuse disk emission (region E of 
Table|3 along with the best-fitting thermal plasma -|- power-law model, (c) Spectrum of the NGC 5170 halo region (region B\D of Table 1^. 
Residuals show the deviation from zero net emission, (d) As (b), for the NGC 5170 disk emission (region D of Table 121 . 



NGC 5746 emission inside D25 is « 3.7 x 10^^ erg s'^, 
of which 1.2;°;^ X 1039 erg s'S i.e. - 30 ± 10 per cent, 
is due to the power-law component. Some spiral disks 
show spectral evidence for a second thermal component, 
but while our data do not rule out this possibility for 



the NGC 5746 disk, statistics are too poor to obtain use- 
ful constraints on such a model from spectral fitting (see 
Table 12). 

For the same reason, the properties of the disk emis- 
sion of NGC 5170 are not robustly characterized by our 
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data. A thermal model fit to the disk spectrum of this 
galaxy, shown in Fig. produces a physically absurd 
temperature of T > 80 keV, whereas a simple power-law 
provides an adequate description of the data. The reason 
could be strong intrinsic absorption in the disk, harden- 
ing the X-ray spectrum beyond that reproducible by a 
simple thermal model. A total unabsorbed 0.3-2 keV 
disk luminosity of O.Sj^Q g x 10'^^ erg s~^ is derived for 
this galaxy. 

5. PROPERTIES OF THE X-RAY GAS AND 
COMPARISON TO OTHER X-RAY HALOS 

As we have seen, there is evidence from both imag- 
ing and spectra of diffuse X-ray emission surrounding 
NGC 5746 out to at least \z\ ~ 20 kpc from the disk 
midplane. NGC 5170, on the other hand, does not dis- 
play evidence of any detectable extraplanar X-ray emis- 
sion. It is worth emphasizing that this notable difference 
between the two galaxies emerges after having subjected 
both data sets to the exact same data reduction and anal- 
ysis procedure. This strongly suggests that the apparent 
surface brightness and spatial behaviour of the NGC 5746 
extraplanar emission are genuine features, which cannot 
simply be ascribed to instrument characteristics, inac- 
curate background subtraction, or other details of our 
analysis method. Though a 5(t detection must be viewed 
as tentative rather than conclusive, we regard it as a suf- 
ficiently strong result to warrant a detailed discussion. 
The implications of a non-detection around NGC 5170 
are also worth considering. 

5.1. Properties of Halo and Disk Gas 

Before discussing the properties of the detected emis- 
sion in detail, we will briefly review whether the halo 
emission around NGC 5746 is truly diffuse or, given its 
low surface brightness, could potentially originate in a 
population of unresolved point sources. To test this, 
we repeated our source detection procedure using lower 
thresholds to see if sources just below the adopted thresh- 
old were present, but this was not found to be the case. 
Given the distribution of emission as a function of dis- 
tance from the NGC 5746 disk (Fig. any unresolved 
sources would have to be associated with NGC 5746 and 
so must on average have Lx < 10^^ erg s~^ if assuming 
the halo spectrum of Fig. Oi. Although this is consis- 
tent with a population of X-ray binaries, the low emis- 
sion level above E Ki 2 keV and the associated value 
of r ^ 3 for the best-fitting power-law do not fit well 
into this scenario. A significant contribution from either 
high-mass X-ray binaries or core-collapse supernova rem- 
nants is furthermore ruled out by the low galactic star 
formation rate. If the observed X-ray signal is, in turn, 
produced by low-mass X-ray binaries, these being tracers 
of stellar mass at an estimated level of 10^° Mq of stars 
per ~ 8 X 10^^^ erg s~^ ( Gilfanov 2004), the derived value 
of halo Lx would suggest the presence of several 10^" 
M0 of stars outside the disk region, another improbable 
scenario. This picture is made less probable still by the 
fact that a thermal plasma provides a marginally better 
spectral fit to the emission than a power-law model. In 
summary, the emission must be regarded as truly diffuse 
and is most probably due to a thermal plasma residing 
in an extended halo surrounding the galaxy. 



Using the parameters derived for the NGC 5746 halo 
emission from the spectral analysis, the physical proper- 
ties of the X-ray emitting halo gas can be assessed. From 
the spectral normalization A of the best-fit mekal model 
in XSPEC, 

10"^'' f 
^ ^ 4^ y ""^"^ 

where D is the distance (Table , one can obtain the 
emission integral El = J rieriH k, rjn^V of the hot 
gas. Here rj is the volume filling factor of the gas inside 
a tot al volume V\ we note that simulations ijToft et alJ 
l2002t § O indicate high values of 77 « 0.8-1, and that 
EI furthermore scales as Z^^ , where Z is the gas metal- 
licity in solar units. We assume the large majority of 
detected X-ray gas to be confined inside a cylinder of 
height 2 X 20 kpc along the Z?25 minor axis (cf. Fig. [2Jl 
and a base radius of 45 kpc (Fig. The volume of 
the disk is excluded, assuming this to be an ellipsoid 
of revolution with two identical major axes and a mi- 
nor axis both equal to those of the D2Z ellipse. This 
leaves a total volume V = 6.9 x 10^^ cm'^, which can 
be combined with the results for EI and the halo tem- 
perature kT = 0.561q :[g keV, to derive various prop- 
erties of the hot gas. Although these results will only 
be estimates and averages within the cylinder, we in- 
clude here for completeness the formal statistical er- 
rors derived by propagating the errors on EI, T, and 
Z. For rj = \ we find a mean electron density {rif.) ~ 
{EI/Vr^Y''^ « 5.2t};^ x 10"" cm'^, a gas mass Mgas 
mp{ne)Vri^^^ ~ 3.3 ±1.0 x 10^ M©, a mean cooling time 
(fcooi) - 3fcr77i/2/(A(ne)) « lA^l'l X lOio yr, and a 
corresponding gas cool-out rate (M) ~ Mgas/ (^cooi) ~ 
0.24 ± 0.13 M0 yr~^. Here we have used t he cooling 
curves A(T, Z) of ISutherland fc Donital (jlpl). 

In the same approximation, the bulk properties of any 
halo gas around NGC 5170 can be constrained using sim- 
ilar arguments. Given the lack of halo detection, we must 
rely on simulation results for the gas temperature, and we 
take T « 0.2 keV as described earlier. Inside a volume 
derived the same way as for NGC 5746, and assuming 
Z — 0.1 Zq, the derived upper limit to Lx can then be 
translated into corresponding limits to the gas parame- 
ters of (rie) < 2.2 x 10"^ cm-3, Mgas < 1-2 x 10^ M©, 
(icooi) > 6.9 x lO'' yr, and {M) < 0.2 M© yr^^. Table El 
summarizes the derived constraints on halo properties for 
both galaxies. 

For the X-ray gas in the disk of either galaxy, the 
filling factor and the intrinsic absorption remain largely 
unknown as they cannot easily be constrained from the 
present data. We will therefore refrain from attempting 
to constrain other quantities than the spectral proper- 
ties of the disk gas already discussed in § 14.21 With 
the disks having far- infrared 40-120 /im luminosities of 
Lfir = 1.4 X 10*^ (NGC 5746) and 5.6 x lO"*^ erg s'^ 
(NGC 5170), we note that their estimated diffuse X- 
ray luminosities render them consistent with the nom inal 
Lx-LpiR relation derived bv lRead fc Ponmaiil l)2001fl for 
the hot gas in 'normal' (i.e. non-starburst) spirals, log 
Lx « 1.1 log LpiR — 7.9. As ipiR, is known to be a trace r 
of the star formation rate fe.g. lSanders fc M irabel 19961. 
these results provide further testimony to the modest star 
formation activity of both galaxies. 



10 



Rasniussen et al. 



TABLE 3 

Derived constraints on hot halo gas 



Name r T Z Lx ("e) Mgas (tcool) {M) 

(kpc) (key) (Ze) (crgs-i) (cm-3) (Mq) (Gyr) Mq yr^ 

NGC 5746 43 0.56+o;i| 0.04+j;;™ 7.3 ± 3.9 x lO^^ 5.2^^-7 x 10"* 3.3 ± 1.0 x 10" M+g 0.24 ±0.13 
NGC 5170 35 0.2 (fixed) 0.1 (fixed) < 1.2 x 10^9 < 2.2 x 10""^ < 1.2 x lO'^ > 6.9 < 0.2 
Note. — r is the outer radius of the aperture used for the extraction of mean halo properties. Luminosities are in the 0.3-2 keV band. 



5.2. Comparison to Other Galactic X-ray Halos 

In other cases where diffuse X-ray emission has been 
reported around spirals, this emission is typically accom- 
panied by extended Ha and radio halos, with a good cor- 
respondence between all three wavebands in terms of the 
exten t and spatial structure of the extraplanar emi ssion 
(e.g..lStrick1a,Tid et a,ljl2nn4l rTiillmann et a,lJl2nn6al). In 
particular, all existing studies that have reported the de- 
tection of extraplanar X-ray gas in 'normal' (moderately 
star-forming) spirals also present clear evidence of coin- 
cident extraplanar Ha emission. To our knowledge , the 
only exception to this is NGC 2613 l|Li et alJl20n^ . for 
which Ha data do not appear to have been reported in 
the literature. 

In these cases, the origin of these multi-phase ha- 
los h ave been linked to star formation activity in the 
disk rWan g et al.lm)lll2nMlEhlel2n04tlStrickland et all 
IJ004; Tiill mann et alJl2n06a^ . It is well estabhshed that 
significant star formation activity in spirals is typically 
accompanied by the presence of diffuse ionized gas above 
the dis k midplane, with t emperatures of a few times 10'* 
K (e.g. IRossa et al.ll2004j) . The standard interpretation 
of the extraplanar X-ray, Ha, and radio emission seen 
around other spirals is that the emission is indeed as- 
sociated with multiple phases of gas, all expelled from 
the disk: The winds of supernovae and massive stars 
lift hot, X-ray emitting gas above the plane, along with 
warm and/or photoionized Ha-emitting material, with 
the radio halo produced through synchrotron emission 
by SN-generated cosmic ray electrons whi ch couple to 
the magnet ic field of the outflowing gas (e.g. lWang et al.l 
I2?ffllll200l . 

Although there is no indication in Fig. ^ of significant 
extraplanar Ha or radio emission around NGC 5746, we 
investigate this possibility in more detail in Fig. 01 where 
we show the surface brightness profile of the Ha emission 
perpendicular to the disk. As can be seen, there is no 
evidence for significant amounts of Ha gas outside the 
optical extent of the galaxy. Note that the dip in the Ha 
profile 10 arcsec east of the D25 center is due to the dust 
lane also visible in Fig. [H NGC 5170 has been studied 
in a similar way bv lRossa fc Dettmad l|2000|) who find no 
evidence for extraplanar diffuse Ha emission surrounding 
this galaxy in an Ha exposure of similar depth to ours. 
There is also no indication from Fig. ^ of significant ex- 
traplanar radio emission around either galaxy from VLA 
1.4 GHz data, a conclusion supported for NGC 5746 by 
the VLA flux density profile also displayed in Fig. 0] 

The absence of detectable extraplanar Ha and radio 
emission in NGC 5746 is thus unique among spirals with 
X-ray halo emission. This suggests that the observed 
X-ray emission around NGC 5746 may have a different 



origin than in the standard case where the emission can 
be linked to supernova-driven outflows. Another indi- 
cation that this is the case can be based on compar- 
ing the X-ray luminosity of the extraplanar gas with 
the total (8 — 120 /im) infrared luminosity Ljr of the 
disk, adopting the standard assumption that the latter 
is a measure of the global d isk star formation rate (see, 
e.g., iStrickland et al.ll2004j) . If the observed extrapla- 
nar X-ray emission around NGC 5746 were due to star- 
burst winds driven by core-collapse SN, the ratio Ly^/ Li^ 
should then reflect the efficiency with which the mechan- 
ical energy output of SN in the disk is converted into 
thermal energy of extraplanar X-ray gas. 

A comparison between extraplanar X-ray emission 
around other spirals, where detected, shows the ratio 
ix/^iR to be confined within a fairly narrow range, 
centered around a value which is in reasonable agree- 
ment with theoretical expectations for SN outflows 
ijStrickland et al.l I2004|) . The situation is illustrated 
in Figure El where we plot the infrared and extra- 
planar 0.3-2 keV luminosities for all disk galaxies for 
which - to our knowledge - X-ray halo emission has 
been reported. Included are the galaxies in the sam- 
ple of IStrickland et al.1 ll2004|) . the additional galaxies of 
iTiillmann et alJ ll2006aD. t he recent result for NGC 2613 
derived bv JLi et alJ l|2006j) . as well as those galaxies of 
H^ng (20dl" that are not included in the above sam- 
ples. Where neces sary, we have derived L tr. for these 
galaxies similarly t o IStrickland et al] l)2004() . using IRAS 
fluxes from Sande rs et al.l l)2003fl where available, and 
from Mos hir et al.l l)199Cl() otherwise. 

In contrast to these samples, as can be seen in the Fig- 
ure, the value of Lx/^ir derived for NGC 5746 is unusu- 
ally high. The mean and Icr dispersion o f Lx I Lm. for the 
galaxie s of [Strickland et al. ( 2003) and iTullmann et alJ 
ij2006a|) is 0.68 ± 0.55 in the units displayed in Fig. 
with the nominal value for NGC 5746 lying 13.6(7 above 
this mean. It is worth pointing out that this difference 
arises, not because the halo Lx of NGC 5746 is conspic- 
uously high, but because, as can be seen, its value of Ljr 
is unusually low for the derived extraplanar Lx. The 
immediate conclusion is that the NGC 5746 extraplanar 
emission seems to be of a different nature to that of the 
galaxies in the comparison sample. 

How does the extraplanar emission of NGC 5746 com- 
pare to that seen in and around early-type galaxies? 
We note that the origin and heating mechanism of X- 
ray gas in elliptical galaxies remain controversial (e.g. 
lO'Sullivan fc Ponmaa.2004) . and it is possible that dif- 
ferent mechanisms are prevalent in low- and high-mass 
systems. Entering that debate is beyond the scope of 
this paper. A comparison is nonetheless warranted on 
the basis that the X-ray luminosity of diffuse gas in el- 
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Fig. 4. — (a) Continuum-subtracted Ho surface brightness profile of NGC 5746, extracted within the same aperture as that underlying 
Fig- El Bright stars have been masked out. Dashed vertical lines outline D25 as in Fig. El with the East side of the disk to the left. The 
inset shows the co-added Ha profile (same units). The dot-dashed curve marks the best-fit power-law to the X-ray surface brightness, 
scaled to match the peak of the Ha profile, (b) Corresponding mean flux density of 1.4 GHz continuum emission within the same aperture, 
in bins corresponding to the VLA beam size of 45 arcsec (FWHM). Bright point sources have been masked out. Dotted lines outline the 
1(T errors on the noise level. 
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Fig. 5. — Infrared and extraplanar X-ray luminosities for 
NGC 5746, NGC 5170, and for the galaxies with detected extrapla- 
nar X-ray emission in the sample of Strickland et al. 1 2004, "S04" ). 
Also shown are t he co r respon ding results for the additional galax- 
ies of iT uUmann etahl 12006at "T06"), WangI 1I2OOI. "W04"), and 
ILi et a l. 12006, "L06"). Dashed and dotted lines show the mean 
and 1(7 dispersion for the S04 + T06 galaxies. 



lipticals roughly obeys Lx oc Lg oc ct^^'' (based on 
the Faber- Jackson relation and the Lx-Lb relation of 
|0 'Sullivan et al. 2001), hence showing a similar depen- 
dence on the characteristic stellar velocity of the system 
to the one expected for the hot halos of spirals (§P). If 
similar processes are responsible for the emission around 
NGC 5746, one could perhaps expect this emission to fol- 
low similar scaling relations as those obeyed by E/SO's. 

The Lx-Lb and Lx-T relations deriv ed for X-ray 
bright ellipticals bv 10 'Sullivan et all l)2003j) would nom- 
inally suggest Lx « 2 X 10''^ and 1 x 10^^ erg s~^, re- 



spectively, given Lb and (halo) T for NGC 5746. While 
these expectations lie well above the derived value for the 
NGC 5746 halo, both relations are subject to substantial 
scatter and can easily accommodate the NGC 5746 value. 
In addition, the agreement would improve if adding in the 
diffuse luminosity of the NGC 5746 disk, which would 
probably provide a more fair comparison (especially if 
also correcting this value for intrinsic absorption). 

A comparison can also be made to the X-ray sur- 
face brightness profiles of ellipticals, which are typi- 
cally found to be well described by standard /3-models, 
with a mean value of /3 w 0.55 for X-ray luminous E's 
((O 'Sullivan et al. 2003)j but again the scatter is substan- 
tial. For NGC 5746, the derived profile would correspond 
to /3 w 0.35, which would place it at the very low end of 
the range covered by these systems. On the other hand, 
it is clear that the profile derived for NGC 5746 must 
steepen beyond our radius of detection, as the total halo 
luminosity would otherwise diverge (this, of course, also 
applies to most of the ellipticals) . 

In summary, comparison to the diffuse emission of el- 
lipticals is somewhat inconclusive and to a certain degree 
hampered by the fact that we are dealing with an edge- 
on galaxy, where (probably spatially varying) intrinsic 
absorption in the disk precludes a robust estimate of 
the total diffuse Lx- Taken at face value, the halo of 
NGC 5746 is less X-ray luminous for its disk Lb and 
halo T than the average X-ray bright elliptical, and also 
has a shallower surface brightness profile. However, the 
large scatter in the X-ray properties of ellipticals pre- 
cludes a firm statement as to whether the diffuse X-ray 
emission around NGC 5746 is distinctively different from 
that seen in early-type galaxies. 

6. ORIGIN OF NGC 5746 EXTRAPLANAR EMISSION 

In Paper I it was briefly substantiated that the excess 
X-ray emission around NGC 5746 is most likely due to 
inflowing hot gas. Here we consider in detail possible 
alternatives, demonstrating that a hot gaseous halo of 
externally accreted gas indeed seems the most plausible 
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explanation for the origin of the detected extraplanar 
emission. 

6.1. Gas Outflows from Stellar Activity 

Given that NGC 5746 is isolated and hence should 
not be experiencing ram-pressure or tidal stripping of 
its hot disk gas, the most immediate explanation for its 
extraplanar X-ray emission would be outflows of hot gas 
powered by stellar activity in the disk. As already dis- 
cussed, such outflows could be driven by core-collapse 
supernovae and mass loss from massive stars, or perhaps 
by SN la in the form of a bulge wind as suggested by 
IWand lj2004f) . Although the limited X-ray signal does 
not allow us to entirely rule out this possibility, such a 
contribution seems unlikely to be significant for a number 
of reasons. 

First of all, as mentioned, the hot halo properties of 
NGC 5746 are at variance with those of other spirals 
where the halo emission can be associated with SN out- 
flows. In particular. Fig. [3 suggests that either mech- 
anisms other than stellar processes are at work in gen- 
erating the NGC 5746 halo, or, rather unlikely, the SN 
thermalization efficiency in the quiescent NGC 5746 is 
an order of magnitude higher than for the comparison 
sample shown in the figure, which includes actively star- 
forming spirals such as the prototypical starburst outflow 
galaxies M82 and NGC 253. The low mctallicity derived 
for the halo gas also argues against a disk origin, although 
the robustness of this measurement can be questioned. 

A second argument against stellar activity being re- 
sponsible for the observed emission around NGC 5746 
bases itself on the possibility of gas being blown out of 
the disk by SN activity. The large depth of the grav- 
itational potential of NGC 5746 would be one factor 
which could inhibit stellar outflows from the disk. In 
practice, however, the distribution and pressure of the 
interstellar medium are usually more important factors 
for the possibility of blow- out than the depth of the 
gravitational potential (e.g . iMac Low fc McCravl Il988t 
IStrickland fc StevensI I200d|) . In a study of extraplanar 
X-ray emission detected around spiral galaxies cover- 
ing a range of morphologies and star formation rates, 
IStrickland et al. ( 2004) derived a criterion for gas blow- 
out based on the observed properties of the interstel- 
lar medium in typical spirals. They find on theoreti- 
cal grounds that in order to have a collection of near- 
simultaneous SN expel gas out of the disk, the require- 
ment FsN,FiR,_D25 > 25 SN Myr~^ kpc~^ must be sat- 
isfied. In their notation, -F'sN.FiR,r>25 is the rate T^sn = 
0.2Lir/10^^ Lq of core-collapse SN per disk "area" D^^, 
again assuming Ljr to be a proxy of the total star for- 
mation rate. Indeed, for the seven spirals in their sam- 
ple with detected extraplanar X-ray emission, they find 
■PsN,FiR,D25 > 40 SN Myr~^ kp c~^. By contrast, usin g 
an approach identical to that of IStrickland et all lj2004D , 
we obtain Ljr = 7 x 10^ L© and Fsn,fir,D25 ~ 4 SN 
Myr^i kpc"2 fo^. ^qq 5745^ -phus, the idea that star 
formation activity in NGC 5746 can blow out large quan- 
tities of gas to distances of ^ 20 kpc above the plane 
is in clear conflict with the results of IStrickland et al.l 
(j2004|) . This result, of course, neglects the contribution 
from type la SNe, the rate of which may depend more 
sensitively on the total stellar mass than on the disk star 
formation rate. From the K- and i?-band magnitudes of 



NGC 5746, a type la SN rate of » 0.01 yr~^ ca n be esti- 
mated, using the prescription of IMannucci et a l. ( 2005). 
This would imply Fsn,fir,_D25 « 7 SN Myr"^ kpc"^ 
for the total SN rate (equivalent to 0.02 SN yr^^ over 
the full disk), s t ill we ll below the criterion derived by 
IStrickland etal\ 1I2OOI . 

Although the present level of stellar activity in the disk 
is thus unlikely to explain the X-ray emission around 
NGC 5746, the possibility remains that the gas was de- 
posited in the halo by previous such activity. This would 
have had to happen sufficiently long ago to allow any 
Ha and radio halo to fade away and return standard 
SFR indicators such as Lfir of the disk to quiescent 
values. Indeed, it was argued in Paper I that the en- 
ergy release required to set up the halo would involve 
the formation of 5-10x10^ Mq of stars, and that the 
age of such a hypothetical starburst would have to be at 
least 1-2 Gyr in order to comply with the present opti- 
cal colours of NGC 5746. On the other hand, the derived 
hot gas properties translate into a mean cooling time at 
D25 of tcooi — 3.9lQ;g X 10^ yr. This sets a natural upper 
limit on the age of such a starburst. 

From the observed correlation between far-infrared 
disk luminosity and the X-ray extent of a hot halo gen- 
erated by an active starburst ijGrimes iO] 12005"), one 
would expect a characteristic extent of the extraplanar 
X-ray emission around NGC 5746 of only 1-2 kpc. This 
is in itself an argument against ongoing star formation 
activity being responsible for the NGC 5746 halo. If de- 
posited in the halo by a starburst, the observed extent 
of halo gas would suggest a peak LpiR of ^ 100 times 
its present value of Lfir = 3.5 x 10^ Lq, equivalent to 
an estimated SFR of order 50-100 Mq yr~^ (using the 
relations described in § [2Jl . A starburst of this magni- 
tude would have placed NGC 5746 among ultraluminous 
infrare d galaxies (ULIRGs ) rather than "normal" star- 
burst ifCrimes et "111 120051) . The cause of such a pow- 
erful starburst occurring within the last few Gyr is not 
clear, however; ULIRGs seem to be the products of ma- 
jor mergers of gas-rich galaxies (mass ratio less than 3:1; 
.Dasyra et al. 2006), but NGC 5746 is isolated and does 
not show any immediate evidence for previous violent 
interactions with other galaxies. 

In summary, we cannot entirely rule out a stellar origin 
for the extraplanar X-ray emission, but comparison to 
other spirals with and without such emission indicates 
that the halo of NGC 5746 does not fit well into such a 
scenario. 

6.2. AGN Outflows 

Outflows of gas could alternatively be produced by 
AGN activity. The brightest central X-ray point source 
inside D25, at (0,(^)2000 = (14''44™56'!0, 01°57'18"), ex- 
hibits a total of ~ 350 net counts (0.3-5 keV). Fit- 
ting a doubly absorbed power-law to its spectrum pro- 
duces a good fit ixl = 0.89), with F = l.^Sto^l, and 

Nu = '7.7;|^3 4 X 10^^ cm~^ for the intrinsic absorp- 
tion. While this is consistent with a typical AGN spec- 
trum, the absorption-corrected 0.3-5 keV luminosity of 
1.9lg 7 X lO'*" erg s^^ suggests very moderate activity. 
Given the distance to NGC 5746, it is furthermore pos- 
sible that the source in fact remains unresolved in our 
X-ray data. The Chandra spatial resolution corresponds 
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to a physical extent of > 75 pc at this distance, so the 
derived luminosity should probably be viewed as an up- 
per limit. There is also no evidence for any significant 
nuclear radio source in the VLA data (cf. Fig.lHl. More- 
over, any associated AGN outflow perpendicular to the 
disk would be highly coUimated, and there is no indi- 
cation that this is the case (Fig. ^1. A 2-7 keV image, 
in which any AGN should stand out more prominently 
than in Fig. ^ confirms the lack of spatial substructure 
in the hard X-ray emission and shows that this emission 
is confined to the very central regions of the disk. The 
stellar kinematics in the nuclear region also shows that 
any central b lack hole must be of rather modest mass 
l|Bower et aLl llQQS). 

Finally, gas in an AGN outflow would also be un- 
likely to have attained thermal equilibrium and so would 
probably not be well described by a thermal plasma 
model, in contrast to observations. Indeed, AGN out- 
flows in galaxy clusters (where they can be more easily 
detected due to the influence on the surrounding intra- 
cluster medium) seem to be associated with bubbles of 
relati vistic non-thermal radio plasma (e.g. iBirzan et al.l 
120041) . rather than with soft X-ray emitting material. In 
fact, these radio bubbles typically coincide with "cavi- 
ties" in the surrounding intracluster X-ray gas, and in 
the well-studied case of the Perseus cluster are consis- 
tent with containing no detectable thermal X-ray gas, 
even in very deep X-ray observations (J. Sanders, private 
communication). The detection of an AGN-generated X- 
ray halo around NGC 5746 in these Chandra data would 
therefore be a major surprise. Hence, as also concluded 
in Paper I, it seems safe to exclude the possibility that 
recent or previous AGN activity should be responsible 
for the extraplanar X-ray emission in this case. 

6.3. Accretion of Intergalactic Gas 

The only obvious remaining explanation for the X-ray 
emission around NGC 5746 is the radiative cooling of 
hot gas residing in an extended gaseous halo which has 
not been generated by processes in the disk. Since such 
externally accreted gas is expected to have low metal- 
licities, whereas disk outflows could have (super)solar 
abundances, a decisive way to test the accretion sce- 
nario against an outflow origin for the hot gas would 
be a robust estimate of the gas metallicity. This could 
be achieved with deep X-ray spectroscopy, but is unfor- 
tunately not feasible with the present data. There are, 
however, a number of arguments which strengthen the 
interpretation that the X-ray emission represents exter- 
nally accreted gas. 

(i) The low metallicity derived for the halo gas, Z « 
0.1 Z0, indicates an external origin, although, as men- 
tioned, this result could be affected by the Fe bias. 
Taken at face value, the result is in good agreement with 
that found for gas presumably accreting onto the Milky 
Way ( Wakkcr et al. 1999), and also corresponds to the 
value derived f or the low-rcdshift intergalactic medium 
l|Danforth et al. 20061 . 

(ii) The temperature of halo gas is consistent with 
the expected virial temperature of the underlying dark 
matter halo, suggesting that the gas has been gravita- 
tionally heated. This is generally not the case for X- 
ray gas within (stellar) outflows, which show temper- 
atures that are largely independent of the stellar (e.g. 



iRasmussen et al.ll2004bl or total (see § Ej) galactic mass. 
Of course, the agreement between Tvir and the observed 
temperature for NGC 5746 could be a coincidence, but: 

(iii) Not only the temperature, but also the X-ray lu- 
minosity, surface brightness profile, and total hot gas 
mass of the NGC 5746 halo are matched by predictions of 
cosmological simulations involving infall of hot gas onto 
spirals (see §0). Again, a good match between simula- 
tions of infall and disk outflows would generally not be 
expected, and, indeed, is not observed. If the hot gas 
surrounding NGC 5746 originated within the disk, the 
agreement with our simulations in § |3 would be a spec- 
tacular and, to our knowledge, unique coincidence. 

Although a direct confirmation of the accretion sce- 
nario would require more sensitive X-ray data, it appears 
to be the most plausible explanation in light of the above 
discussion. When interpreted in this way, the extrapla- 
nar X-ray emission of NGC 5746 thus represents the first 
tentative detection of the hot halos of externally accreted 
gas in which massive spiral galaxies are believed to be 
embedded. One should note, then, that simulations show 
such halo gas to display a range of temperatures (albeit a 
fairly narrow one outside the disk; see §[3, so the model 
fits of Table |21 should be considered a convenient means 
of parametrizing the halo X-ray properties rather than 
a complete description of the physical state of hot halo 
gas. 

6.4. Is the Halo Gas Gurrently Inflowing? 

In the accretion scenario discussed above, halo gas is 
expected to be actively accreting onto the disk due to 
the decreased pressure support of the rapidly cooling 
gas close to the disk. The question of whether the ob- 
served gas is really falling in at present naturally bears 
some connection to the issues discussed above. As men- 
tioned, the mean cooling time at D25 is only « 4 Gyr, 
and any thermal instabilities in the gas would act to lo- 
cally reduce this value, likely leading to the condensa- 
tion of cl ouds of colder material which can accrete ont o 
the disk ijKaufmann et al.ll2006t IS ommcr- Larsenll2006|) . 
Therefore, if cooling and the ensuing infiow of halo gas 
is not counteracted by feedback, the X-ray emitting ma- 
terial should currently be accreting onto the disk. How- 
ever, although the halo itself may be unlikely to result 
from SN/AGN activity, it is conceivable that the energy 
released by such processes is current ly preventing halo 
gas from actually inflowing (see e.g. lBinnevll2004) - ei- 
ther through mechanical pdV work done on this gas or 
through re-heating of gas which has cooled to T < 10^ K. 
Unfortunately, the present data do not allow us to di- 
rectly assess the validity of this scenario, but some in- 
sight can be gained from more indirect arguments. If 
assuming that the spatial distribution of energy input to 
the halo roughly matches that of radiative losses from the 
halo, an upper limit to the energy required to offset cool- 
ing and gas infall would simply be the halo luminosity, 
Lx « 7 X 10^^ erg s^^. 

In principle, the mechanical output generated by an 
AGN could provide this power. Strong radio sources as- 
sociated with nuclear activity in elliptical galaxies are 
emerging as prime candidates for retarding and even 
quenching cooling flows on a variety of scales. This 
probably occurs via a feedback-driven activity cycle 
of duration ^ 10^ yr, and could be effective both in 
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individual el lipticals and in the cores of groups and 
clusters (e.g. iFabian et al.ll200a iVoit fc Donahuel 120051 
iBest et al.ll2006|) . However, there is little evidence from 
Fig. ^ for current or even past strong radio activity in 
NGC 5746 (i.e. a bright nuclear radio source, radio out- 
flows from the disk, and/or extended radio emission some 
distance from the disk as a result of previous activity). 
This suggests that any AGN may currently be in a qui- 
escent phase of its activity cycle, but it also precludes 
any direct estimate of the energy output of an AGN in 
its active phase. 

Nevertheless, an estimate of the maximum AGN en- 
ergy output in NGC 5746 may be obtained from the re- 
sults of iBirzan et al.1 (|2004). These authors studied a 
sample of 18 galaxy systems ranging from rich clusters 
down to a single elliptical galaxy, in which cavities in the 
surrounding X-ray gas can be associated with outflows 
generated by current or past activity of a radio source 
in the central galaxy. They found a correlation between 
the radio luminosity of this central source and estimates 
of the mechanical luminosity imcch = W/t of the cavi- 
ties. Here W is the pdV work done by the cavity on the 
surrounding X-ray gas as it rises buoyantly through this 
gas, and t is the age of the cavity. Though the derived re- 
lation is subject to substantial scatter, it remains useful 
for providing a rough estimate of the mechanical energy 
released by the central radio source in NGC 5746 in any 
active phase. The 1.4 GHz continuum flux of this source 
of 14.9 mJy ijCondon et alj [l9981 would correspond to a 
total radio luminosity of 1 x 10'^^ erg s~^, calculated 
using the prescription of lBirzan et al.l l|2004f) and assum- 
ing a spectral index a = 1. In turn, the relation derived 
bv IBirzan et al.1 l)2004|) would then suggest Lmoch of or- 
der lO"*^^ erg s~^ which could be sufhcient to counteract 
infall. 

However, as also noted bv lBirzan et al.l l)2004l) . this es- 
timate could suffer from considerable systematic uncer- 
tainties, and it is moreover unclear whether their results 
are representative of the overall efficiency with which 
AGN mechanical energy is transferred to its surround- 
ings. For example, the result is based on a sample for 
which X-ray cavities can be detected and which does not 
include any spiral galaxies. The only safe conclusion, 
it seems, is that an AGN in an active phase (assuming 
AGN in isolated spiral galaxies have activity cycles as 
seen for central cluster galaxies, although there is little 
support for this assumption at present) could potentially 
halt cooling and infall of halo gas, but that there is no 
significant evidence from X-ray or radio data of any on- 
going or recent activity of this type. Hence, our observa- 
tions do not allow a di rect test of the hypothesis put for- 
ward bv lBinnevI l|2004D . that once a hot gaseous halo has 
been built up around a galaxy, its gas does not cool but 
rather remains thermostated at T « Tvir due to energy 
injection from an AGN (and stars). Although significant 
AGN activity does not seem to be taking place at present 
in NGC 5746, the existing radio data probably lack the 
sensitivity to allow an unambiguous test for such activity 
in the recent past. This is certainly true for the X-ray 
data, leaving Binney's hypothesis a viable possibility. 

Supernova outflows provide an alternative means of 
preventing infall of halo gas. While the total SN rate 
of NGC 5746 of - 0.02 yr'^ (§ EH) is probably insuf- 



ficient to blow gas out of the disk, as discussed above, 
it still corresponds to a mechanical energy release of 
« 1 X 10"*^ erg s~^ for a typical SN output of 10^^ erg. 
Simulations suggest that, under normal interstellar con- 
dition s, most (~ 90 per cent) of this energy is radiated 
away l|Thornton et al. 1998') : in fact, this would be con- 
sistent with the diffuse disk luminosity of NGC 5746 if 
assuming an intrinsic absorption in the disk equal to that 
derived for the central X-ray point source. Of the remain- 
ing energy, a small fraction is expected to thermalize in 
the interstellar medium of the disk, leaving a mechani- 
cal luminosity which could still be an order of magnitude 
larger than the halo Lx- Although insufficient to blow 
gas out of the disk and hence entirely inhibit halo gas in- 
fall, it will, in particular in combination with any nuclear 
activity, act to reduce the infall rate and perhaps also 
reheat some of the already cooled accreting gas, making 
it at least temporarily unavailable for star formation. In 
practice, this implies that the derived mass accretion rate 
M of external halo gas must be viewed as an upper limit 
under the given assumptions. 

Future tests, involving deeper X-ray and far-ultraviolet 
observations, could shed light on these issues. For exam- 
ple, if much of the halo gas is held in place by activity 
in the disk, one would expect enriched material from the 
disk to have mixed with halo gas, so a more robust X-ray 
metallicity constraint would be highly useful. To test if 
cooling does occur outside the disk, one could look for 
evidence of a temperature gradient in the halo X-ray gas 
(although, as discussed in §[7| the absence of a T-gradient 
outside the disk does not necessarily imply that gas is not 
cooling rapidly even further in). Finally, one could test 
whether gas is cooling below X-ray temperatures using 
FUSE observations of Ovi at a range of distances from 
the disk, although the expected low metal content of halo 
gas may render such observations difficult. 

Summarizing, there is no direct observational evidence 
for any AGN or SN activity at levels sufficient to com- 
pletely offset cooling and infall of halo gas in NGC 5746, 
and indirect arguments indicate that the required power 
for this to occur is not currently available. Consequently, 
given the derived cooling time of halo gas, some of this 
gas should currently be accreting onto the disk, acting as 
a fresh supply of material for continued star formation. 
If so, the disk of this massive spiral is still being built up 
at present. 

7. COMPARISON TO SIMULATIONS OF GALAXY 
FORMATION 

In the accretion scenario, halo properties can be pre- 
dicted in detail by cosmological simulations. Hence, it 
is natural to compare the results obtained for both our 
galaxies to numerical work. To this end, we have em- 
ployed cosmological TreeSPH simulations of galaxy for- 
mation and evolution in a flat ACDM cosmology. The 
code, described in detail in iSommer-La rscn et al. (200^ 
and iRomeo et al.1 l)2006|) , incorporates energetic stellar 
feedback taking the form of starburst-driven galactic 
winds. W i th res pect to our earlier simulations used by 
iToft et all ^200?) to predict halo properties (as discussed 
in § n and § ^ , the present simulations have been up- 
dated to incorporate chemical evolution of the gas, in- 
cluding non-instantaneous recycling, and are evolved in 
time according to the entropy equation solving scheme 
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of lSpringel &: Hernauisli l)2002|) , rather than being based 
on the thermal energy equation. The latter improve- 
ment provides increased numerical accuracy in lower- 
resolution regions. In addition, the present simula- 
tions have all been run with at least eight times higher 
mass resolution. The highest resolution runs of individ- 
ual galaxies, at 51 2 times the resolu tion of the simula- 
tions described bv iToft et al.l l)2002() . feature a total of 
~ 2 X 10^ gas and ~ 1.5 x 10^ dark matter particles inside 
(100 kpc)'^, a gas mass resolution of 1.2 x 10"* Mq, and a 
corresponding gravitational softening length of 130 pc. 

Although the simulations include stellar feedback, op- 
tionally enhanced to mimic AGN outflows, starburst- 
driven winds are only invoked at early times (z > 4- 
5), in order to solve the angular momentum problem, 
the missing satellites problem, and possibly other prob- 
lems related to the cold da rk matter scenario (see, e.g., 
iSommer-Larsen et al.ll2003|) . At z < 4, the SN II feed- 
back is quite moderate in our simulations; for a typical 
Vc = 220 km s~^ disk galaxy, the star formation rate 
at z — Ois ~ 0.5 — 1 M0 yr~^, similar to the modest 
star formation rate of the Milky Way disk. The feed- 
back of the individual star particles in the simulations is 
furthermore spatially and temporally uncorrelated, im- 
plying that starburst winds do not easily develop at low 
redshift (see also [pahlcm ct al. 2006). Hence, a com- 
parison between the simulations and our two relatively 
quiescent galaxies seems justified. 

It is worth emphasizing that the feedback strength 
in the simulations is calibrated to reproduce the opti- 
cal properties of observed galaxies, but that the X-ray 
emission is predicted without any additional adjustable 
parameters. We find that neglecting feedback in the sim- 
ulations tends to decrease the present-day halo X-ray lu- 
minosity, because less feedback implies that hot halo gas 
cools out faster over cosmic time, leaving less hot gas 
in the halo at z = (the situation is qualitatively simi- 
lar to the difference between assuming fixed, primordial 
metallicity and Z = .3 Z(n for the halo gas in t he simula- 
tions, as discussed bv iRasmussen et al.ll2004'all . We note 
in passing that this also implies that the predictions of 
semi-analytical models of galaxy formation (which tend 
to over-predict halo Lx with respect to observations) and 
those of our simulations cannot be reconciled simply by 
neglecting feedback in the simulations. 

For the calculation of X-ray properties of th e simulated 
galaxi es, we follow the procedure outlined bv 'Toft; et al.l 
l)2002t) , except that the increased numerical resolution of 
the present simulations allows us to bypass the smooth- 
ing over the individual gas particles in the simulations. 
All simulation results have been derived inside a region 
corresponding to the adopted NGC 5746 halo aperture 
(region B\E of Table HJ. A few comparisons between 
NGC 5746 and results from these simulations were per- 
formed in Paper I, showing the simulation predictions to 
be in good agreement with the observed X-ray surface 
brightness profile and integrated halo Lx- Below we will 
elaborate on these and other simulation results, present 
additional comparisons to observed galaxies, and discuss 
the implications for models for the formation of spiral 
galaxies. 

7.1. X-ray Luminosity, Temperature, and Surface 
Brightness 



Figure EJi displays results based on our recent simula- 
tions described a bove, run a t 8, 6 4, and 512 times the 
resolution of the iToft et all l|2002() simulations. Of the 
new simulations, the one producing the galaxy with Vc ~ 
226 km assumes a cosmic baryon fraction /& = 0.10, 
whereas those of higher-Wc galaxies assume ft — 0.15. 
Also show n are result s for a subsample of the simulated 
galaxies of lToft et all 1)20021) . These were all formed in 
simulations assuming either a ACDM or AWDM cosmol- 
ogy of flm = 0.3 and J^a = 0.7, /{, = 0.10, and a (fixed) 
primordial chemical gas composition. The X-ray lumi- 
nosity of these simulate d galaxies have b e en cor rected 
for the error described in IR asmussen et all ()2004aD . The 
correlation of Lx with Vc is seen to display notable scat- 
ter, most of which is related to intri nsic diffe rences in 
the accretion history of the galaxies (jToft et al . 2002). 
In general, there seems to be good agreement between 
the two simulation samples. While numerical resolution 
effects seem to play a limited role in establishing the pre- 
dicted Lx-Vc trend or its scatter, there is some indication 
that increased resolution tends to lower the predicted 
halo luminosity by a small amount. 

Figure Eh also displays the derived constraints on the 
halo luminosities of NGC 5170 and NGC 5746, and 
has been updated from Paper I to show the additional 
constraints obtained for the extraplanar emission seen 
around other spirals, i.e. the comparison sample also 
plotted in Fig. [S] In these cases, the halo luminosi- 
ties have not necessarily been derived within the same 
aperture as adopted for NGC 5746 and our simulated 
galaxi es. For example, the results of [Strickland et al] 
ij2004}l were all derived at a distance \z\ > 2 kpc from 
the disk midplane. If instead adopting this aperture, the 
increase in Lx predicted for our simulated galaxies is at 
the 10-40 per cent level, with no systematic dependence 
on Vc- We expect similar corrections for the apertures 
used for the other observed samples. These changes are 
relatively small, being within the scatter seen for the 
simulated galaxies and the estimated uncertainties in Lx 
for NGC 5746. We have therefore chosen not to correct 
for this effect in Fig. EJi, as the overall conclusions will 
clearly remain unaffected by such a change. We also 
show the stro ngest constraint resulting from the study of 
iBenson et al.l |2000), the 3a upper limit to the halo Lx 
of NGC 2841, here converted to the 0.3-2 keV band as- 
suming a mekal t hermal plasma of T w 0.4 keV based on 
the (T, Uc) plot of Toft ct al. (2002). This result was orig- 
inally derived within a 5-18 arcmin annulus around the 
galaxy, so the value has been corrected to the NGC 5746 
aperture on the basis of the mean difference in Lx be- 
tween the two apertures as predicted for the galaxies in 
our new simulations (amounting to a factor 3 increase 
in Lx)- As can be seen from the figure, the simulation re- 
sults generally appear to be in excellent agreement with 
those of our observed galaxies. In particular, the theo- 
retical models provide a good match to the derived halo 
luminosity of NGC 5746, and their predictions can eas- 
ily be accommodated by the observational results for the 
(presumably mainly feedback-generated) hot halos seen 
in other studies. 

It is worth noting that the emission-weighted mean 
metallicity of the X-ray gas in these simulations is very 
low, of order 10"'^ Z©, predicting the inflowing gas to 
be essentially primordial in composition. Those simu- 
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Fig. 6. — (a) X-ray luminosity and (b) emission-weighted hot halo temperature versus for the simulated galaxies of Toft et al. (2002; 
triangles) and for those in our new simulations (squares), all calculated assuming the NGC 5746 halo aperture. Simulations of the same 
galaxy run at different resolutions are connected by a line. Also shown are the available observational results, with symbols as in Fig. l5l 



lations of iToft et all l|2n02f) that assume a fixed metal- 
licity of 0.3 Zq would, for a given Vc, predict present- 
day luminosities 3-4 times lower than those shown in 
Fig. Eh- (cf- the above discussion). This would still leave 
NGC 5746 within the dispersion in the predicted Lx- 
Vc trend, but the agreement would be considerably less 
convincing. This may indicate that any hot gas ac- 
creted by spirals today is nearly pristine; a similar re- 
sult emerges when comparing simulations of galaxies at 
high redshift to observational constraints on the redshift 
evoluti on of the integrated X-ra y luminosity of normal 
spirals ("Rasm ussen et al1l2004aj) . 

Figure ^ shows the temperature of hot halo gas ver- 
sus Vc- Despite the large variation in accretion history 
among the simulated galaxies, the simulations predict 
a remarkably tight correlation between the two quanti- 
ties. The prediction is consistent with the value derived 
for NGC 5746 and with the expected virial temperature 
of its dark matter halo, Tvir ~ 0.3 keV. The result for 
NGC 5746 is larger than Tvir but, at a level of 1.4cr, not 
significantly so. A plausible explanation could be related 
to the fact that the hot halo spectrum of NGC 5746 is 
dominated by emission close to the disk, and, as demon- 
strated below, the simulations predict that the tempera- 
ture of hot halo gas rises slightly above the virial temper- 
ature close to the disk. We note that a halo gas tempera- 
ture slightly exceeding the virial temperature of the dark 
matter is also a generic feature of the h ot halo models 
considered by Fukugita & Peebles ( 2006) . 

For comparis on to our simulations, the correspond- 
ing data for th e iStrickland et al.l 1)20041) sample and the 
iLi et all l)2006|) result have once again been overplotted 
in Figure IHb- Emission- weighted halo te mpera t ures h ave 
not been publi shed for the samples of iWand l)2004|) or 
iTiillmann et al. ( 20 06-a) - so these galaxies are not in- 
cluded in this diagram. The lack of a systematic trend (in 
both Lx and T) with Vc, and hence galactic mass, within 
these samples is another argument against a gravitational 
origin for their extraplanar emission. This interpretation 
gains support from the fact that the hot halo tempera- 
tures of these galaxies consistently exceed the virial tem- 



peratures expected from the circular velocity of the disk 
and are furthermore invariant with respect to Lx over 
four orders of magnitude in SFR (Grimes et al. 2005). 
Gas is almost certainly outflowing rather than infalling 
in these cases. 

It is also worth emphasizing that our non-detection of 
any hot halo surrounding NGC 5170 is consistent with 
the simulation results, assuming its luminosity and tem- 
perature within the relevant aperture can be reliably pre- 
dicted from Fig. For an estimated halo luminosity and 
temperature of Lx ~ 10'^^ erg s~^ and T « 0.2 keV, re- 
spectively, we predict only 15 net halo counts in 0.3- 
2 keV, well within the Poisson noise of the background. 
This supports our use of the NGC 5170 data in §0]as a 
testbed for our analysis procedure. 

In Fig. [TJi, we plot surface brightness profiles of the 
simulated galaxies, extracted within the same physical 
aperture as for NGC 5746, and co- added on either side 
of the disk as in Fig. [3 In order to include the re- 
sult for NGC 5746 in this diagram, the background sub- 
tracted count rates for NGC 5746 were converted into 
unabsorbed fluxes assuming a mekal plasma of the best- 
fitting halo parameters (Table and the Galactic value 
of A^H- For this conversion, a 30 per cent systematic 
uncertainty was added in quadrature to the statistical 
errors shown in Fig. |21 on the basis of the derived errors 
on spectral parameters. The simulations of galaxies with 
Vc ~ 300 km s~^ seem to produce results consistent with 
the observed NGC 5746 profile for the adopted aperture. 
To give an appreciation of the effects of numerical reso- 
lution, results for the Vc ~ 226 km s~^ simulated galaxy 
also shown in Fig. are overplotted. There is some indi- 
cation that the predicted profile flattens for higher res- 
olutions, but not to an extent that would compromise 
the above conclusion. Furthermore, simulation results 
for the innermost bin cannot be compared directly to 
observations, because much of the halo emission in this 
region would be absorbed by neutral gas in the disk of an 
edge-on galaxy and would moreover suffer contamination 
from unrelated emission associated with hot gas in the 
disk. 
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Fig. 7. — (a) Derived surface brightness profile for NGC 5746 along with those of simulated galaxies in the relevant mass range, all 
computed inside a region corresponding to region A of Fig.0 Dashed vertical line marks the extent of the D25 minor axis of NGC 5746. 
(b) The corresponding emission-weighted temperature profiles of the simulated galaxies, with symbols and lines as in the left figure. 



The hot gas temperature of the simulated galaxies, 
plotted in Fig. [7f), is seen to occupy a range of values, 
which is, however, reasonably narrow outside the 'disk'. 
Well outside the disk, the predicted halo temperature is 
in excellent agreement with the virial temperature ex- 
pected for the simulated galaxies (i.e. T « 0.3 keV for 
a galaxy with Vc ~ 300 km s~^). Closer to the disk, T 
increases gently and then rises steeply in the innermost 
~ 5 kpc above the disk midplane, followed by a strong 
decline as the gas eventually reaches a density which en- 
forces rapid cool-out onto the disk. The reasonably uni- 
form temperature distribution predicted outside the disk 
suggests that our usage of a single-temperature model 
for the description of the halo spectrum is supported on 
a physical basis, and that the Fe bias may not be signif- 
icantly affecting our metallicity measurement. However, 
it also indicates that, although gas is cooling rapidly in 
the central halo regions, the gas outside the disk could be 
near-isothermal. One implication is that X-ray observa- 
tions of extraplanar gas around spirals may not be able 
to directly test whether this gas is indeed cooling out 
of the X-ray phase, as much of the cooling occurs very 
close to the disk where contamination from other X-ray 
sources, diffuse and point-like, could be substantial. 

7.2. Hot Gas Mass and Accretion Rates 

The amount of hot X-ray gas surrounding the sim- 
ulated galaxies depends not only on the mass of each 
galaxy's dark matter halo but also on the detailed ac- 
cretion history of this halo. Accretion histories can be 
highly dis parate even for isolated galaxies of cornparabl e 
mass (e.s. Wan den Boschl2002t iRasmussen et al.ll2004aj) . 
Any relation between the mass Mgas of hot halo gas and 
Vc (or Lx and Vc) is thus expected to display considerable 
intrinsic scatter, as indeed evidenced by Fig. (HJi. In this 
plot we show the gas mass of the simulated galaxies in- 
side the volume assumed in the corresponding calculation 
for NGC 5746 I5.1|) . i.e. excluding the volume covered 
by D25 of NGC 5746 out to 45 kpc from the disk center 
along the line of sight. Given that the simulations also 
include cold, non-X-ray emitting gas around the galaxies 
and that Mgas is not an X-ray emission-weighted quan- 



tity, a low-temperature cut of T = 0.1 keV has been im- 
posed on the simulated galaxies in order to provide a fair 
comparison to observations. This temperature is proba- 
bly the lowest one at which gas can be reliably detected 
by Chandra or ROSAT (see , for example, the discussion 
in IRasmussen et aLll2004b() . For completeness, we also 
show the mean effect of this T-cut for four intervals in 
Vc- Simulation results are again seen to be in good agree- 
ment with the observational constraints. 

Fig-IHt shows the mass deposition rate AI « Mgas/tcooi 
of hot gas (which for all galaxies should be viewed as 
an upper limit, cf. S I5.4|l . Again, a temperature cut at 
T = 0.1 keV has been imposed on the simulations, but 
Af has otherwise been estimated in the same manner as 
for the observed galaxies. The figure reveals substantial 
scatter at any given Vc and no clear systematic varia- 
tion with this quantity. The cool-out rate of NGC 5746 
lies at the low end of the range predicted by simulations, 
but there is also an indication that numerical resolution 
effects might play a role, in the sense that increased res- 
olution tends to lower M within the adopted aperture. 

The actual mass of hot halo gas which is cooling out 
around NGC 5746 would include any gas cooling within 
D25. In the present data, emission from such gas cannot 
be separated from diffuse disk emission resulting from 
stellar activity. Based on the simulated galaxies covering 
the relevant mass range {vc > 255 km s""'^), we estimate 
that accounting for cooling inside the disk region would 
raise M by a factor ^ ~ 5-10, if assuming similar levels of 
feedback in the simulated galaxies as for NGC 5746. For 
the derived value of (M) (Table OJ, this would imply a 
total cool-out rate of ~ 1-2 Mq yr^^, in good agreement 
with the IRAS~ha,sed estimate of the disk star formation 
rate (SFR) of NGC 5746, 0.8 ±0.2 Mq yr"! (§12). While 
only an indicative result, this suggests that the galaxy is 
currently forming stars at a rate corresponding to that 
at which gas can be supplied for this process from the 
hot halo. For NGC 5170, the derived limit to the hot gas 
cooling rate, Mcooi < 0.2 Mq yr~^, is a somewhat more 
model-dependent result than that of NGC 5746, as it is 
based on an assumed value of the halo temperature. The 
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Fig. 8. — (a) Mass of hot (T > 0.1 keV) gas as a function of Vc within the NGC 5746 halo aperture, (b) The corresponding hot gas 
accretion rate, M ~ Mgas/tcool- Also shown are the upper hmits estimated by IBenson et alj (2000) for NGC 2841 and NGC 4594 (the 
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derived limit is nonetheless consistent with the disk SFR 
estimate of 0.3 ± 0.1 M© yr~^, even without accounting 
for the gas cooling out within the optical disk. 

Can the disk of NGC 5746 have been built up by the 
accretion of hot halo gas over cosmic time? Since stars 
are dominating the mass of visible matter in the disks of 
spiral galaxies, the total baryonic disk mass of NGC 5746 
can be estimated from its K- and i3-ban d luminosities 
using the prescription of iMannucci et all l|2005i') . This 
yields a baryonic mass of 3.0 x 10^^ M©. In order to 
estimate the total mass M^cc of hot gas accreted by 
NGC 5746 since a given redshift, we can extrapolate the 
present accretion rate by assuming 

logM(z) « 0.6z + C. (2) 

This follows t h e red shift evolution found by 
iRasmussen et all l)2004a|) for the accretion of hot 
(2^ ^ 3 X 10^ K) gas by spirals formed in cosmological 
simulations. The relation was derived for simulated 
galaxies with present-day masses similar to that of the 
Milky Way, and applies to the redshift interval z — — 2, 
prior to which the galactic disks themselves are not 
well-defined in the simulations. For NGC 5746, we have 
an upper limit (for ^ = 10) of M{z = 0) < 4 Mq yr'^ 
Choosing the constant C such as to match this present 
upper limit, one then arrives at a corresponding upper 
limit to the total mass of hot gas accreted by NGC 5746 
since z = 2 of Mace ^ 1-2 x 10^^ M©, which is somewhat 
below, yet comparable to, the present baryonic mass in 
the disk of NGC 5746. 

However, this extrapolation is based on simulation re- 
sults for Milky Way-sized galaxies and could be subject 
to considerable systematic uncertainty. On the one hand, 
some accretion would have taken place before z = 2, dur- 
ing a period in which the star formation activity and the 
growth of a central supermassive black hole would have 
been much more vigorous and could have counteracted 
gas accretion to a significant extent. On the other hand, 
given its deeper gravitational potential, it is conceivable 
that accretion was initiated earlier for NGC 5746 than 



for typical Milky Way-like galaxies (on which Eq. |21 is 
based) and would have been more dramatic at high red- 
shifts than for such galaxies. A more pronounced redshift 
evolution of the cooling rate than the one adopted here 
can, in fact, be accommodated within the constraints 
on the redshift evolution of the integrated X-ray lumi- 
nosity of spirals derived from Chandra Deep Field data 
ijRasmussen et al.lf2004a|) . 

Consequently, the current observational evidence is 
consistent with the notion that a sizable fraction of the 
disk mass of NGC 5746 has been formed by the accre- 
tion of hot X-ray emitting halo gas. Although this is 
in encouraging agreement with recent cosmological mod- 
els for the formation of massive spirals, we acknowledge 
that this conclusion is clearly a model-dependent result. 
Moreover, Equation (0) does not account for the accre- 
tion of cold, non-X-ray emitting gas, the addition of 
which would likely bring the extrapolation into even bet- 
ter agreement with the observed disk mass. It is there- 
fore clearly premature to exclude the possibility that a 
significant fraction of the infalling gas around NGC 5746 
was either never or only briefly heated to X-ray temper- 
atures. In that case, accretion may, at least partly, have 
proceeded much as in t he 'cold mode' accretion scenarios 
originally suggested bv lBinnevI lll977l) and later followed 
up by various authors fBirnboim & Deke]"2003j iBinnevI 
.2004 .Keres et al. 2005: Sommer-Lar sen 2005.) . 

8. SUMMARY 

Our Chandra data of the two massive edge-on disk 
galaxies NGC 5170 and NGC 5746 have revealed a 5a 
detection of extraplanar X-ray emission around the more 
massive NGC 5746, extending to at least ^ 20 kpc above 
the disk. No detection is found around NGC 5170 using 
the same analysis methods, which rules out the possibil- 
ity that the NGC 5746 result is due to instrumental arte- 
facts or details of our analysis. Both galaxies are isolated 
and show no signs of significant nuclear or star formation 
activity. For NGC 5746, this is also confirmed from our 
Ha imaging of this galaxy, leading to the conclusion that 
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the diffuse X-ray emission surrounding NGC 5746 is best 
explained as the signature of externally accreted gas cool- 
ing radiatively in an extended hot halo. The spectrum of 
this hot halo gas is well described by a thermal plasma 
model of temperature ~ 0.5 keV, with an indication that 
the gas metallicity is very low, Z < 0.1 Z©, although 
deeper data would be needed to confirm this. The total 
0.3-2 keV luminosity of the hot halo is 7 x 10^^ erg s~\ 
while the corresponding 3cr upper limit for the NGC 5170 
halo is '--^ 3 X 10"^^ erg s~^. 

We have performed a detailed comparison of the de- 
rived constraints on halo X-ray properties of both galax- 
ies to cosmological simulations of galaxy formation and 
evolution which predict the existence of such a halo. Very 
good overall agreement is found for the case of NGC 5746, 
supporting our interpretation that the detected extrapla- 
nar X-ray emission around this galaxy reflects the cooling 
of accreted hot gas rather than being related to ongoing 
processes in the disk (such as supernova-driven outflows 
of gas). The weaker limits obtained for the non-detected 
halo around NGC 5170 are also easily consistent with 
simulation predictions. We also note that the results ob- 
tained for all other galaxies with detected extraplanar 
emission are consistent with our simulations. 

Although the presence of accreted hot gas halos around 
spiral galaxies has been hypothesized for almost 50 years, 
the observed X-ray emission surrounding NGC 5746 
seems to be the first, albeit tentative, detection of such a 
halo. This lends support to one of the outstanding issues 
in many models of disk galaxy formation, namely the 
assumption that extended reservoirs of accreted hot gas 
exist around isolated high-mass disk galaxies, potentially 
supplying material for the formation and growth of the 
baryonic component of such galaxies even to the present 
day. Moreover, it indicates that the "missing" galactic 
baryons are, in fact, not missing, but m ostly are consti- 
tuted by hot halo g discussed by iSommer-LarsenI 
l)2006() . However, we stress that a decisive test of the 
accretion hypothesis for the gas surrounding NGC 5746 
would require more sensitive X-ray data; in particular, 
deep X-ray spectroscopy would enable a robust metal- 
licity estimate for the halo gas, helping to distinguish 



between infall and outflow models. 

The estimated cooling rate of hot halo gas around 
NGC 5746 is found to be consistent with predictions from 
simulations and with the current star formation rate in 
the disk. We have estimated the total mass of hot gas 
accreted by this system over cosmic time, indicating that 
a significant fraction of the current disk mass can have 
been formed through the infall of hot gas. This is consis- 
tent with many semi-analytical models of the formation 
of massive spirals. It remains a viable possibility, how- 
ever, that a substantial fraction of the present material 
in the disk has been accreted as cold (T < 10^ K), non- 
X-ray emitting gas (such as the high- velocity clouds seen 
around the Milky Way) . We find that the present data do 
not allow for a direct quantification of the relative impor- 
tance of 'cold' and 'hot' accretion over the lifetime of the 
galaxy. More sensitive X-ray observations of NGC 5746 
and similar galaxies, coupled with results of dedicated 
galaxy formation simulations, would be needed to settle 
this issue. 
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